but with only one active site. The active-site triad (AspKnowledge of the polyprotein cleavage sites by HIV 25,) is located in a loop whose structure protease will refine our understanding of its specificity is stabilized by a network of hydrogen bonds similar to and the information thus acquired is useful for design-that in the eukaryotic enzymes (13). The dimeric HIV ing specific and efficient HIV protease inhibitors. The protease has a crab-like shape (Fig. 1) . A notable feapace in searching for the proper inhibitors of HIV pro-ture of the enzyme is that its catalytic cleft is ''gated'' tease will be greatly expedited if one can find an accu-by a pair of flaps (or pincers if viewed as a crab) formed rate and rapid method for predicting the cleavage sites each by a b hairpin of a monomer. Binding of an inhibiin proteins by HIV protease. Various prediction mod-tor (or a substrate) will induce a very large motion of els or algorithms have been developed during the past the flap regions-as much as 7 Å for the ends of the 5 years. This Review is devoted to addressing the fol-flaps (12, 14). As a consequence, one has the following lowing problems: (1) Why is it important to predict the phenomenological picture: when the enzyme is in an cleavability of a peptide by HIV protease? (2) What inhibitor-free state, the flap-gate is open, allowing inprogresses have been made in developing the predic-hibitors or substrates to enter the binding cleft (Fig.   tion methods, and what merits and weakness does 1a); when it is in an inhibitor-binding state, the flapeach of these methods carry? The attention is focused gate is closed, thereby blocking the entrance (Fig. 1b) . 
have been made, trying to design HIV protease inhibibase are available upon request) established actors by studying its substrate specificity (3, 5, 12, 14- finding effective inhibitors will be greatly expedited if a rapid and accurate method is available to predict the cleavability of a peptide by HIV protease. The human immunodeficiency virus (HIV), generally believed to be the causative agent (1, 2) of acquired
WHY IS IT IMPORTANT TO PREDICT THE immunodeficiency syndrome (AIDS), encodes an aspar-

CLEAVABILITY OF A PEPTIDE?
tic protease called the HIV protease whose function is essential for the replication of HIV (3) (4) (5) (6) (7) . During the HIV protease is a member of the aspartyl proteases, a well-characterized mechanistic set of proteolytic en-HIV life cycle, the precursor polyprotens are cleaved by the HIV protease. Loss of the cleavage ability results zymes in which the catalytic apparatus is made up of carboxyl groups derived from two aspartyl residues loin the production of immature, noninfectious viral particles. Accordingly, HIV protease has been considered cated in the N-and C-terminal halves of the enzyme molecule (17-21). These enzymes are highly substrateto be a promising target for the rational design of drugs against AIDS. As a complement to the strategy tar-selective and cleavage-specific, in that they cleave large, virus-specific polypeptides called polyproteins at geting another enzyme, the HIV reverse transcriptase (8) , the design of HIV protease inhibitors represents a defined amino acid pairs (5) . It is known that the HIV protease-susceptible sites in a given protein extend to new approach to AIDS therapy (6, (9) (10) (11) (12) .
Functioning as a dimer, the HIV protease is made an octapeptide region (22) , whose amino acid residues are sequentially symbolized by eight subsites R 4 , R 3 , up of two identical subunits, each having 99 residues, protease will refine our understanding of its specificity and the information thus acquired is useful for designing specific and efficient HIV protease inhibitors. It is instructive to further elucidate this by the following rationale. According to the ''lock-and-key'' mechanism in enzymology, an HIV protease-cleavable peptide must satisfy the substrate specificity, i.e., a good fit for binding to the active site. (Here, the phrase of ''good fit'' should be understood in a broad sense rather than a narrow geometric sense; i.e., it means a favorable chemical-group disposition for the binding of a substrate to the active site of an enzyme and the catalytic reaction thereof.) However, such a peptide, after a modification of its scissile bond with some simple routine procedure, will completely lose its cleavability but it can still bind to the active site of an enzyme. Actually, the molecule thus modified can be compared with a ''distorted key,'' which can be inserted into a lock but can neither open the lock nor be pulled out from it. That is why a molecule modified from a cleavable peptide can spontaneously become a competitive inhibitor against the enzyme. An illustration about such a concept is given in Fig. 2a , where an effective binding of a cleavable peptide to the active site of HIV protease is shown, while Fig. 2b shows that the peptide has become a noncleavable one after its scissile bond is modified, although it can still bind to the active site. Such a modified peptide, or ''distorted key,'' will automatically FIG. 1. Cartoon ribbon drawing of the dimer of HIV protease in (a) an inhibitor-free state (21), and (b) a complex with I, the inhibitor R0-31-8558 (7) . F l and F r are the two flaps formed by the b hairpins of the left and right subunits, respectively, and they serve as a gate to control the entrance of inhibitors or substrates to the catalytic cleft. The whole molecule looks somewhat like a crab, with its pair of pincers likening to the two flaps. (Adapted, with permission, from Wlodawer and Erikson, Ref. 12.) R 2 , R 1 , R 1= , R 2= , R 3= , R 4= (Fig. 2) . The reason here we use the symbol R rather than P as originally used by Schechter and Berger (23) is for avoiding any confusion with the symbol of the probability P introduced later. The scissile bond is located between the subsites R 1 and
FIG. 2.
Schematic illustration to show (a) a cleavable octapeptide R 1= . Occasionally, the susceptible sites in some proteins is chemically effectively bound to the active site of HIV protease, may contain one subsite less or one subsite more (24, and (b) although still bound to the active site, the peptide has lost 25), corresponding to the case of an heptapeptide or its cleavability after its scissile bond is modified from a hybrid peptide bond (53) to a single bond by some simple routine procedure. nonapeptide, respectively. However, in studying the The eight residues of the peptide are sequentially symbolized by R 4 , cleavability of peptide sequences by HIV proteases, R 3 , R 2 , R 1 , R 1= , R 2= , R 3= , and R 4= . The scissile bond is located between heptapeptides and nonapeptides need to be considered R 1 and R 1= . The reason we use here the symbol R rather than P as only rarely.
introduced originally by Schechter and Berger (23) is to avoid confusion with the symbol of the probability P used later.
Knowledge of the polyprotein cleavage sites by HIV become an inhibitor candidate of HIV protease. Even acid X i occurring at the subsite position R i given that X j has occurred at position R j is expressed by P i (X i ÉX j ): for nonpeptide inhibitors, it also can provide useful insights about the key binding groups, proper micro-if it is derived from a cleavable set, the corresponding conditional probability is expressed by P The cumulative specificity model was developed by our pace in search for the proper inhibitors of HIV Poorman et al. (25) . The model postulates independent protease if we could find an accurate and rapid method interactions of the eight amino acid moieties with their for predicting the cleavage sites in proteins by HIV respective binding sites on the HIV protease. This protease. In view of this, various prediction methods model may be designated as the h-function method have been developed during the past 5 years or so (25-since the cleavability of a peptide is predicted according 31). This Review is devoted to discussing the progress to the value of an h function that can actually be exof these methods, with a focus on the prospects in rela-pressed by tion to the current ''state-of-the-art.'' Even for those who are sceptical about the importance of the specificity question in the design of drugs
, [1] for HIV, it is still useful to present a systematic and comprehensive introduction for these methods due to their generality; i.e., they are applicable not only to where P / i (X i ) (i Å 4, 3, 2, 1, 1, 2, 3, 4) are defined in Section 2. However, in actual calculation, the values HIV protease but also to any multisite enzymes.
of P / i (X i ) were modified by considering the abundance of each amino acid in globular proteins, and their val-
TERM AND SYMBOL DEFINITIONS
ues for HIV-1 and HIV-2 proteases are given in Tables For brevity and clarity, let us first give a unified 4 and 9 of Ref. (25) . These data, symbolized as s i,j by definition for each of those terms or symbols that will them, were derived from 40 and 20 oligopeptides repeatedly occur in various methods described in this known to be cleavable by HIV-1 and HIV-2 proteases, Review. An octapeptide is generally expressed by respectively. A given peptide is predicted to be cleavable by HIV-1 or HIV-2 protease if the value of its X 4 X 3 X 2 X 1 X 1= X 2 = X 3 = X 4= , respective h function is greater than h c Å 0.13 or 0.25. By means of this method, the rate of correct prediction for the 40 oligopeptides in the training set for HIV-1 where X 4 represents the amino acid at subsite R 4 , X 3 represents the amino acid at subsite R 3 , and so forth protease was 32/40 Å 80.0%, and that for a testing set of 34 octapeptides outside the training set was 30/34 (Fig. 2) . Two sets of peptides will be often mentioned in this Review: one is called cleavable or positive set, Å 88.2%. For such a complicated and intricate problem, a method with these predicted results should be denoted by S / , consisting of only cleavable peptides by HIV protease; and the other called noncleavable or deemed as promising. Moreover, since the only input for the algorithm to predict protease-susceptible sites negative set, S 0 , consisting of only noncleavable peptides. Furthermore, we use S / 1 or S / 2 to represent the in a given protein is its primary structure, it is suggested that the specificity of the enzyme is not directed positive set composed of cleavable peptides by HIV-1 or HIV-2 protease, respectively. Likewise, we use S 0 1 toward any particular secondary structure but depends strongly on the accessibility of this segment. This findor S 0 2 to represent the negative set composed of noncleavable peptides by HIV-1 or HIV-2 protease, respec-ing has provided quite useful insights to the study of this field. tively. The probability of amino acid X i occurring at subsite R i is expressed by P(X i ): if it is derived from a However, the h-function method suffers from the following three intrinsic shortcomings. (1) In calculating cleavable set, the corresponding probability is expressed by P / (X i ); if derived from a noncleavable set, the h function, the probability of an amino acid occurring in each of the eight specificity subsites was by P 0 (X i ). The conditional probability (32) that amino treated as a completely independent event. In other influence of the substituent on the rate of the enzymatic reaction. words, not even the most neighboring coupling effect was taken into account along the peptide sequence.
The cleavability of an octapeptide is calculated from the projection of its characteristic vector on an idealObviously, this will certainly affect the accuracy of prediction. (2) As shown in Eq. [1] , the h function was a ized, optimally cleavable vector. The larger the projection, the higher the likelihood that the peptide conmultiplication of P / i (X i ). When, for a given training set S / , the frequency of amino acid X i occurring at subsite cerned can be cleaved by HIV protease. By introducing the approach of vector projection, the arbitrary value-R i is zero, an arbitrary value 0.5 had to be assigned for the corresponding modified P / i (X i ) (see Tables 4 and 9 assigning problem can be avoided even for the case of P / i (X i ) Å 0. This is an important advantage especially of Ref. 25); otherwise, the h value would become zero no matter how favorable the specificity indices of the when the size of specificity database S / is very limited such as in the current case. Also, the cutoff value in this amino acids at the remaining subsites are. Such an arbitrary modification of P / i (X i ) might unduly influ-method was objectively determined via an optimization procedure between an overprediction and underpredicence the calculated results of h. (3) It should be noted that in the h-function method no clear procedure was tion, which certainly represents an improvement compared with subjectively assigning a value for h c as done described in determining the ''cutoff value'' h c , a critical quantity in predicting the cleavability of an oligopep-in the h-function method. However, no sequence-coupled effect has been incorporated yet in this method. tide. The ambiguous treatment of such a critical quantity might introduce even more arbitrariness.
The Correlation-Angle Model or U Function Algorithm 3.2. The Vector Projection Model or G Function
Algorithm This is a very elegant algorithm, in which an octapeptide is expressed not by a vector in an 8-D space but In this algorithm (26) , an octapeptide is expressed one in an 8 1 20 Å 160-D space (27) . The bases of the as a vector in an 8-D(dimensional) space, V, defined 160-D space are actually a combination of the 8 subas:
sites and the 20 native amino acids. The order of the former is from 4 to 4 ( Fig. 2) , and that of the latter is numbered according to the alphabetic order of the single-letter amino acid code; i.e., i Å 1, 2, . . . , 20 for A (alanine), C (cysteine), . . . , Y (tyrosine), respectively. In the combination index, the array of 20 amino acids
, [2] is counted first, followed by the array of 8 subsites.
Thus, any octapeptide can be uniquely defined by a 160-D vector with either 1 or 0 as its components, depending on whether a base has a corresponding amino acid in the octapeptide concerned. For example, if an octapeptide is given by ACACYYYY, then its characterwhere
, is defined istic vector in the 160-D space is in Section 2, and t(X i ) the mean abundance of amino acid X i in globular proteins provided by Nakashima et C(ACACYYYY) al. (33) . It is proper to use the Nakashima et al.'s database for the current purpose because it has been constructed from a database of reasonable size (3010 proteins) from which were eliminated the incomplete, short, and ''closely related'' sequences and also those proteins whose composition greatly deviates from the mean. By defining the components of the vector as the [3a] difference of these two frequencies as formulated by Eq. [2] , the vector components represent the specificity of each subsite for the various amino acid residues. At the same time, the specificities are then normalized to zero: When the residue in a given subsite is indifferent, then the corresponding component is zero; the component is positive for amino acids toward which the subsite is specific. Conversely, a negative component re-Similarly, the norm of the cleavable set S / is defined by the 160-D vector flects ''negative specificity,'' i.e. an unfavorable
The smaller the U, the higher the similarity between C and N, and so is the likelihood that the peptide concerned can be cleaved by HIV protease. This method has all the merits as the vector projection method (26) . Furthermore, there is no need to introduce an idealized, optimally cleavable vector, which is an additional merit compared with the vector projection method.
However, the correlation angle method did not take sequence-coupled effect into account either.
The Markov-Chain Model
The Markov chain is a mathematical model in which the coupling effect is explicitly formulated through a conditional probability equation (34). According to this [3b] model, the criterion for predicting the cleavability of a given octapeptide X 4 X 3 X 2 X 1 X 1= X 2 = X 3 = X 4= is based on the where (28) and so forth. The probabilities P / 4 (A), P / 3 (C), rrr are defined in Section 2, and t has the same definition as in L(X 4 X 3 X 2 X 1 X 1= X 2 = X 3 = X 4= ) Eq. [2] . The cleavability of an octapeptide is predicted Å log 10 {P
FIG. 3. Schematic representation of substrate bound to HIV protease based on analysis of protease-inhibitor crystal structures (12, 54, 55) . The active site of enzyme is composed of eight extended ''subsites,'' S 4 , S 3 , S 2 , S 1 , S 1= , S 2= , S 3= , and S 4= and their counterparts in a substrate extend to an octapeptide region, sequentially symbolized by R 4 , R 3 , R 2 , R 1 , R 1= , R 2= , R 3= , and R 4= , respectively. The scissile bond is located between the subsites R 1 and R 1= . It can be seen that the side chains of the peptide substrate alternate between two completely opposite directions: R 4 , R 2 , R 1= , and R 3 = face one side, while R 3 , R 1 , R 2= , and R 4= face the opposite side.
where the probability term P / 4 (X 4 ) and the conditional probability terms P / 3 (X 3 ÉX 4 ), P / 2 (X 2 ÉX 3 ), and so forth are defined in Section 2. As expected, after incorporating the coupling effect among subsites, the rate of cor-
, [6] rect prediction was remarkably improved. However, in order to avoid the same situation that a zero value for any one of the factors in Eq. [4] would make the argument of logarithm abruptly become zero regardless of how large the other factors are, an arbitrary value was also assigned to replace the zero value for these factors where the probability term P / 4 (X 4 ) and the conditional as done in the h-function method (25).
probability terms P / 3 (X 3 ÉX 4 ), P / 2 (X 2 ÉX 3 ), and so forth are defined in Section 2. The cleavability of an octapep-3.5. The Alternate-Subsite-Coupled Model tide is predicted based on the projection of its characteristic vector V of Eq. [6] on an idealized, optimally In this model (29), the coupling effect among the sub-cleavable vector. The larger the projection, the higher sites has been taken into account in a different manner. the likelihood that the peptide concerned can be According to the protease-inhibitor crystal structures, cleaved by HIV protease. The threshold (or cutoff) the subsites face two completely opposite directions in value was determined via an optimization procedure an alternate way along its sequence (Fig. 3) . Therefore, between overprediction and underprediction. the side-chain interactions between residues i and i / 2 are stronger than those between i and i / 1 (i Å 1,
THE DISCRIMINANT FUNCTION ALGORITHM
2, . . . ) (35, 36) . Furthermore, the ''selectivity of subsite'' (25) for R 2 , R 4 , and R 6 is higher than that for the Much of this Review will be focused on this algorithm remaining subsites, implying that the 2-4-6 correla-because it possesses all of the advantageous features tion would play a dominant role in the sequence-cou-carried by the previous algorithms. In addition, the pling effect. To reflect such a coupling feature, instead tedious labor for deriving the cutoff value by the optimiof Eq. [4] , the prediction algorithm should be based on zation procedure can be completely avoided because the following formulation:
there is no need whatsoever to introduce such a quantity in the current algorithm. According to the discriminant function algorithm ∏ (X 1 X 2 X 3 X 4 X 5 X 6 X 7 X 8 ) (31), given an octapeptide, its attribute to the positive Å log 10 {P
set S / or the negative set S 0 can be formulated by an
[5]
It can be seen from Eq. [5] that the 2-4-6 coupling is incorporated via the conditional probabilities P / 4 (X 4 ÉX 2 ) and P / 6 (X 6 ÉX 4 ). However, for the same reason as mentioned in the Markov-chain model, the arbi-
[7a] trary value-assigning problem cannot be avoided either.
The Vectorized Sequence-Coupled Model
This model is established based on two cornerstones: one is the sequence-coupled principle and the other is the vector-projection approach (30) . By incorporating the sequence-coupled effect among the multiple sub-
sites, the protease-cleavage mechanism can be more genuinely reflected; while by means of the vector-project approach, arbitrary assignment for insufficient experimental data can be avoided. Therefore, this model carries the merit of not only taking into account the coupling effect but also avoiding the arbitrary value-where all the symbols have been defined in Section 2. 
The larger the projection, the higher the similarity, and hence the closer the peptide to the cleaIf, occasionally, the peptide to deal with is shorter vability-positive set. Accordingly, the attribute func-than an octapeptide, such as a heptapeptide (25), we tion of a given octapeptide to the cleavability-positive can simply set zero for the probability term of the abset can be formulated by sent residue. For example, if the peptide to be predicted is X 3 X 2 X 1 X 1= X 2 = X 3 = X 4= , then in Eq. [8] one should substi-C / (X 4 X 3 X 2 X 1 X 1= X 2 = X 3 = X 4= ) Å V / rL / tute zero for P / (X 4 ) and P 0 (X 4 ) because there is no residue at the subsites R 4 for the peptide concerned.
since in this case any coupling associated with subsite R 4 would vanish.
The formulation given above can be used to predict the cleavage sites by both HIV-1 and HIV-2 proteases. On the other hand, we can also in the 8-D space However, for the case of HIV-1 protease, the positive define an ideal cleavability-negative vector, L 0 , each and negative training sets should be S It has been observed (37, 38) that some residues are cleavable peptide for the enzyme. Thus, it follows ac-not tolerated at particular subsites for the cleavable cording to the similar rationale that the attribute func-peptides by HIV-1 protease. For example, Lys residues tion of a given octapeptide to the cleavability-negative appear to be forbidden anywhere from R 2 through R 2 = . set can be formulated by Since Lys is an abundant amino acid, its prohibition in this stretch of sequence should have an important C 0 (X 4 X 3 X 2 X 1 X 1= X 2 = X 3 = X 4= ) Å V 0 rL 0 impact on the algorithm. To incorporate this into the
algorithm, the modified factor ᑬ for HIV-1 protease should be given as
[8b]
[11] For a given octapeptide X 4 X 3 X 2 X 1 X 1= X 2 = X 3 = X 4= , if its attribute function to the cleavability-positive set is greater than that to the cleavability-negative set, i.e., where ᑬ K can be any large negative number as long as C / ú C 0 , then the peptide is predicted to be a cleavable it can lead to D õ 0 (Eq. [9] ) when the intolerable one; otherwise, it is predicted to be a noncleavable one.
residue K occurs at any of the forbidden subsites. In On the basis of this, let us define a discriminant functhis paper ᑬ K Å 03. tion D given by A question might be posed. As mentioned in Section 3.5 and illustrated in Fig. 3 , for a substrate with an D(X 4 X 3 X 2 X 1 X 1= X 2 = X 3 = X 4= ) Å C / (X 4 X 3 X 2 X 1 X 1= X 2 = X 3 = X 4= ) extended backbone conformation, the interactions be-0 C 0 (X 4 X 3 X 2 X 1 X 1= X 2 = X 3 = X 4= ) / ᑬ [9] tween two alternative subsites along the sequence should be greater than those between two adjacent ones. Can the discrimination function algorithm as forwhere ᑬ is a modified factor associated with some special empirical rules as will be described later (see Eq. mulated by Eq. [8] reflect such a mechanism as characterized by a peptide with an extended backbone confor- [11] ). If no empirical rules are incorporated, one may mation? The answer is yes. This is because the current curring at subsite R i . If the prediction is performed by the algorithm in which the coupling effect is incorporated, model is based on the Markov-chain theory (34), according to which the alternate-subsite-coupled effect is then we also need the data for P / i (X i ÉX j ), the conditional probability that amino acid X i occurring at the subsite indirectly reflected. To make this clearer, let us give an illustration through the following simplified case. position R i given that X j has occurred at position R j . Data of both these two types can be derived from a positive set According to the current model (see Eq. [8] ), the coupling effect for a segment of three amino acid sequence S / consisting of cleavable peptides by HIV protease. In addition, if using any of the algorithms in Refs. (25-30), X i01 X i X i/1 is given by we also need the threshold (or cutoff) value, which can [12] be determined by an optimization procedure between overprediction and underprediction. Or, if the prediction On the other hand, according to the alternate-subsite-is performed by the discriminant function algorithm (31), coupled model (29), the coupling effect for the same then we shall instead need the data for P 0 (X i ) and sequence should be expressed by (see Eq. [5] ) P 0 i (X i ÉX j ). In either case, it requires a negative database S 0 consisting of the noncleavable peptides only.
[13] (39), such a database should be extended to 62 oligopeptides, as given in Table 1 . The train- (Table 2) , where each model, the current model is more essential and general. It is a substrate of HIV-2 protease (25). The negative incorporates not only the coupling effect between subsites training database S 0 2 consists of 127 octapeptide (Apwith adjacent positions but also that with alternative pendix 2A), of which 122 are extracted from the sepositions. In other words, more effects are taken into quence of hen egg lysozyme because no HIV-2 protease account in the current model than the alternate-subsite-cleavage sites were ever detected even after it was comcoupled model. This is also reflected by the following fact. pletely denatured (30) . And the other five octapeptides Compared with the alternate-subsite-coupled model (29), in S 0 2 are derived from the octapeptide SQNYPIVQ in the sequence-coupled or Markov-chain model (28) is S / 2 by substituting Pro at subsite R 1= with Tyr, Phe, slightly better in predicting the cleavage sites in proteins Leu, Met, and Val, respectively. This is not only beby HIV protease although the results obtained by both cause the peptides thus obtained are known not cleavmethods were basically quite similar and consistent. Ac-able by HIV2 protease, but also because their hydrolytually, the alternate-subsite-coupled model is an approxi-sis by the enzyme are very sensitively dependent on the mation of the sequence-coupled model, i.e., the case when amino acid at R 1= position (37). This kind of sensitivity the coupling effect between immediately adjacent sub-cannot be reflected by the 122 octapeptides extracted sites can be ignored.
from the hen egg lysozyme sequence alone. Therefore, the incorporation of the five additional octapeptides in
DATABASE
S 0 2 may, to some extent, reduce the case of overprediction. It should be realized that, owing to less experiIn general any prediction method based on statistical theory is composed of two parts: one is the algorithm mental data reported for HIV-2 protease, the database for HIV-2 protease is relatively smaller, and hence the part, and the other is the database part. The last section is focused on the former, and this section will be focused on the latter. 1 Owing to the space limit all the appendices mentioned in the text In order to use any of the above algorithms, we need are not printed in the article. However, they are available from the author upon request.
the data for P / (X i ), the probability of amino acid X i oc- 
reliability is also lower. Nevertheless, with the im-other algorithms, and hence it will be used here to provement of database in both S / 2 and S 0 2 , the reliabil-demonstrate the predicted results. The predictions ity of prediction by the discriminant function algorithm by the D-function algorithm have been performed for will certainly increase. The corresponding data derived two sets of peptides, the training set and the testing from Table 2 and Appendix 2A for P / (X i ), P 0 (X i ), set. The prediction for the former is a resubstitution P / i (X i ÉX j ), and P 0 i (X i ÉX j ) are given in Appendices 2B, examination to check the self-consistency of the new 2C, 2D, and 2E, respectively. algorithm, while that for the latter is a cross-valida tion examination to check its extrapolating effective
RESULTS AND DISCUSSION
ness. Below, let us examine the predicted results for As mentioned above, the discriminant function, or the peptide cleavage sites by HIV-1 and HIV-2 proteases, respectively. D-function, algorithm carries all the merits of the 
Note that listed here are 62 rather than 64 peptides as in Table 3 of Ref. (39) since two of them were chemically modified and should not be included here.
b D is the criterion used in this paper for predicting whether an oligopeptide can be cleaved by HIV-1 protease: an oligopeptide can be cleaved when its D § 0; otherwise, it cannot be cleaved. The values of D were calculated according to Eqs. [8] [9] .
c h is the criterion used in the h-function method (25) to predict whether an octapeptide can be cleaved by HIV-1 protease: an oligopeptide can be cleaved when its h § 0.13; otherwise, it cannot be cleaved. (Fig. 4) , where The D values calculated by Eq. [9] for the 62 oligo-the peptides in each of the three sets are arranged from peptides in the cleavable set S / 1 are given in Table 1 , left to right along the abscissa according to their order from which we can see that all have D ú 0, meaning in Table 1 , Appendices 1A and 1F, respectively, and that they are all correctly predicted to be cleavable by the corresponding D values are shown by the ordinate. HIV-1 protease (see Eq. [10] are given in i.e., are overpredicted to be cleavable. Therefore, the average rate of correct prediction for the training set Table 2 , from which we can see that all have D ú 0, meaning that they are all correctly predicted to be data of S which are known cleavable by HIV-2 protease but independent data for a further cross-validation. The calculated results of D for these peptides are 00.03, which are not included in the training set S / 2 . The predicted results are given in Appendix 2F, from which 00.18, 00.23, 00.25, 00.03, 00.16, and 00.20, respectively, indicating that they all are noncleavable by HIVwe can see that all are correctly predicted to be cleavable by HIV-2 protease. The rate of correct prediction 2 protease, fully in consistent with the observations by Blá ha et al. (56) and Tözsér et al. (37) . is 51/51 Å 100%. Note that the peptides listed in Appendix 2F are actually derived from the peptide SQNYPAlso, to provide an intuitive picture, a 3-D histogram is given to show the predicted results for the peptides IVQ by single amino acid substitution at its different subsites, and they are all cleavable by HIV-2 protease, in S (Fig. 5) , where the peptides in each of these sets are arranged from left to right along the as observed by Tözsér et al. (37) . These peptides have a common feature, i.e., they all have Pro at the R 1= abscissa according to their order in Table 2 , Appendices 2A and 2F, respectively, and the corresponding D valposition. A question is naturally raised: what will happen if the Pro at R 1= is substituted by some other amino ues are shown by the ordinate. acids? According to the reports by Blá ha et al. (56) and Tözsér et al. (37) , the following amino acids were intro-7. CAVEATS duced into R 1= position for SQNYPIVQ: Ala, Asp, Lys, Tyr, Phe, Leu, Met, Gly, Val, Ile, Ser, and Trp. And It should be realized that using any of the above algorithms to identify potential sites of proteolysis in proteins they found that none of these peptides was hydrolyzed by HIV-2 protease. Of these noncleavable peptides, the may sometimes result in an inconsistency between theoretical prediction and experimental observation, espefollowing seven peptides occur neither in the positive training database S / 2 nor in the negative training data-cially for the case of overprediction, due to the following factors.
(1) Inaccessibility to the enzyme. Some peptide base S 0 2 : SQNYAIVQ, SQNYDIVQ, SQNYKIVQ, SQNYGIVQ, SQNYIIVQ, SQNYSIVQ, and SQNYW-sites in folded, native proteins may be perfectly susceptible to cleavage by HIV protease but cannot be observed IVQ. Therefore, they can serve as an additional set of because of being inaccessible to the enzyme. Even in denatured protein substrates it is not always clear that there does not remain some element of secondary or supersecondary structure that limits the required accessibility of the protease to the predicted site. (2) Unfavorable location in priority competition. As mentioned at the beginning, the cleavage site by HIV protease usually requires eight amino acids in peptide substrates (24, 25). Thus, the maximum number of the predicted sites of cleavage within a given sequence of, say, a dozen amino acids, may be as many as 12 0 8 / 1 Å 5. However, if one of the sites within a limited sequence region is highly favored over the others, cleavage at this site will result in fragments that are too short to serve as substrates, thereby removing the other predicted cleavages from the picture although it is not quite clear yet how much more favorable a cleavage point needs to be in order to prevent experimental observation of hydrolysis at nearby susceptible sites. Consequently, the inconsistency thus caused between theoretical prediction and experimental observa- 
CONCLUSIONS
The HIV protease cleavage sites in a protein are pre-prediction can be significantly enhanced by incorporatdictable from its primary structure. The accuracy of ing the sequence-coupling effect into the prediction algorithm. It is equally important for improving the prediction accuracy by continuously updating the training database, of both positive and negative sets, based on newly accumulative experimental data. The vectorization approach makes any arbitrary value-assigning treatment unnecessary even for a very limited training database, and hence is an effectual measure to maintain the objectivity of prediction. The discriminant function algorithm developed recently not only carries all these advantageous features, such as sequence-coupled mechanism and vectorization approach, but also avoids the tedious labor for deriving the cutoff value before used to perform prediction.
Since understanding the specificity of the HIV protease is basic to development of inhibitors of the enzyme, and the attempt to define protease inhibitors represents a considerable effort in the search for drugs against AIDS, the progresses of the relevant prediction algorithms will improve our ability and expedite the process for reaching this important therapeutic target.
It should be noted that the methods described here are general and can also be used to predict the substrate specificity of other multisite enzymes, such as 
